Retinoic acid (RA) induces expression of genes encoding the Hox family of transcription factors, whose differential expression orchestrates developmental programs specifying anterior-posterior structures during embryogenesis. Hox proteins bind DNA as monomers and heterodimers with Pbx proteins. Here we show that RA upregulates Pbx protein abundance coincident with transcriptional activation of Hox genes in P19 embryonal carcinoma cells undergoing neuronal differentiation. However, in contrast to Hox induction, Pbx upregulation is predominantly a result of post-transcriptional mechanisms. Interestingly, Pbx1, Pbx2, and Pbx3 exhibit different profiles of upregulation, suggesting possible functional divergence. The parallel upregulation of Pbx and Hox proteins in this model suggests an important role for transcriptional control by Pbx-Hox heterodimers during neurogenesis, and argues for precise control by RA.
Introduction
Pattern formation of the vertebrate embryo is regulated by a complex network of temporally and spatially organized signaling molecules. One family of these molecules are retinoids such as retinoic acid (RA), which are derivatives of Vitamin A. Early evidence supporting a central role for RA in embryogenesis came from demonstration that exposure of mammalian embryos to high levels of RA resulted in a consistent pattern of fetal malformations (Shenefelt, 1972) . RA was subsequently found to disrupt proper embryonic axial patterning (Tickle et al., 1982) . A possible mechanism underlying the teratogenic effects of RA on pattern formation was suggested by the observation that RA-induced neuronal differentiation in human teratocarcinoma cells is accompanied by a cascade of Hox gene expression (Mavilio et al., 1988; Simeone et al., 1990) . In this model, Hox genes located at the 3′ end of each Hox locus are induced rapidly by RA, and transcription of adjacent Hox genes follows across the locus in a 3′ to 5′ direction, with most but not all Hox genes being induced. These results suggested that embryonic transformations induced by RA might, in part, be due to aberrant induction of Hox genes during specific stages of embryogenesis and supported the hypothesis that Hox genes were important RAresponsive regulators of development.
Studies on the molecular mechanism of RA action have revealed that its function is mediated by two types of ligand activated receptors, retinoic acid receptors (RARs) and retinoid X receptors (RXRs), belonging to the steroid receptor superfamily of transcription factors (Giguere et al., 1987; Petkovich et al., 1987; Mangelsdorf et al., 1990) . For some Hox genes, such as HoxA1, HoxB1, and HoxD4, RA induces expression of RARs which bind directly to retinoic acid response elements (RAREs) within the target promoters (Langston and Gudas, 1992; Pöpperl and Featherstone, 1993; Marshall et al., 1994; Frasch et al., 1995; Morrison et al., 1996) . RA also induces transcriptional activation of Hox genes by indirect mechanisms, such as through a motif in the HoxB1 promoter that induces autoactivation and is hypothesized to bind a heterodimer of HoxB1 plus a Pbx partner (Pöpperl et al., 1995) .
The Pbx family of homeodomain proteins, represented by Pbx1, Pbx2, and Pbx3, are heterodimer partners of Hox proteins, and the DNA-binding properties of these heterodimers have been studied extensively in vitro (Chang et al., 1995; Lu et al., 1995; Van Dijk et al., 1995) . Dimerization of Pbx and Hox proteins on DNA is dependent upon a pentapeptide motif N-terminal to the Hox homeodomain (Chang et al., 1995; Knoepfler and Kamps, 1995; Neuteboom et al., 1995; Peers et al., 1995; Phelan et al., 1995) , and, in some cases, heterodimerization changes the DNAbinding specificity at residues proposed to contact the Nterminal arm of the Hox protein, altering the core DNAbinding specificity of the Hox protein from TAAT to TGAT or TTAT, while retaining the 3′ dinucleotide DNA-binding specificity (Chang et al., 1996; Lu and Kamps, 1997) . By such a mechanism, one role of Pbx proteins may be to target Hox proteins to specific promoter elements in vivo not recognized efficiently by either Pbx or Hox monomers (Chan et al., 1994; Knoepfler et al., 1996) . In higher eucaryotes, Hox proteins may not be the exclusive partners of Pbx proteins because an abundant, nearly ubiquitous DNA-binding partner of Pbx proteins (designated NFPP) behaves biochemically distinct from Hox proteins, strongly preferring to dimerize with Pbx proteins on TGATTGAC, a motif not recognized by Pbx-Hox heterodimers (Knoepfler and Kamps, 1997) .
Transcription of PBX1 and PBX3 yields two differentially spliced transcripts, a longer form termed 'a', and a shorter form termed 'b'. Transcription of PBX2 yields only the 'a' type (Monica et al., 1991; Roberts et al., 1995) . As yet no functional difference between the Pbx1, Pbx2, and Pbx3 proteins has been identified. PBX1 was first identified as the chromosome 1 participant in the t(1;19) chromosomal translocation, which occurs in 20% of pediatric pre-B acute lymphoblastic leukemia (pre-B ALL; Kamps et al., 1990; Nourse et al., 1990) . This translocation creates E2A-PBX1, an oncogene encoding a fusion protein containing the Nterminal transcriptional activation domains of E2a fused to the majority of Pbx1, including its homeodomain. Oncogenic functions of E2a-Pbx1 include blocking murine myeloid differentiation, inducing myeloid and T-lymphoid leukemia in mice, and inducing foci in fibroblasts (Kamps et al., 1990 (Kamps et al., , 1993 Kamps and Baltimore, 1993; Dedera et al., 1993) . The E2a-Pbx1-induced block in differentiation is specifically dependent on competent DNA-binding by the Pbx1 homeodomain, while fibroblast transformation does not require this function . The combined observations that Pbx and Hox proteins heterodimerize and that E2a-Pbx1 can block differentiation provides indirect evidence that Pbx proteins are involved in regulating normal differentiation in higher eucaryotes.
Here we demonstrate that the abundance of Pbx proteins increases in parallel with the expression of Hox genes during RA-induced neuronal differentiation of P19 embryonal carcinoma cells, providing additional evidence that Pbx proteins function in vivo as regulators of differentiation and may function in concert with Hox proteins in development. This observation correlates well with previous findings that pbx1 mRNA is most abundant in the developing nervous system of rat embryos (Roberts et al., 1995) . Pbx proteins are upregulated by both the 9-cis and all-trans isomers of RA, indicating that induction is mediated by the RAR receptor. Modest Pbx induction occurs as early as 4 h and increases to greater than 100-fold after 7 days. Strikingly, expression of PBX genes varies by less than two-fold, arguing for a post-transcriptional mechanism regulated by a differentiation-specific mechanism. These findings suggest that retinoids may regulate development of the nervous system in part through synchronous regulation of the abundance of both Hox and Pbx proteins. Post-transcriptional regulation of Pbx protein abundance suggests that analysis of PBX gene expression may not adequately indicate regions of Pbx protein function in vivo.
Results

Pbx proteins are upregulated by RA-induced neuronal differentiation of P19 EC cells
Because Pbx proteins are the only known heterodimer partners of Hox proteins, we speculated that RA might activate expression of PBX genes, as well as HOX genes, during neuronal differentiation of P19 cells. To test this hypothesis, nuclear extracts (NE) from P19 cells treated with all-trans RA were examined for Pbx protein content by Western blotting, using an antiserum to Pbx1 that can cross-react with other Pbx proteins (Lu et al., 1994) (Fig.  1A) . P19 cells were also treated with other differentiationinducing agents including dimethylsulfoxide (DMSO), which induces muscle differentiation (Rudnicki and McBurney, 1987) and triiodothyronine (T3), which induces differentiation to cardiac myocytes (Rodriguez et al., 1994) . The effects of vitamin D3, dexamethasone, and estrogen were also examined. Differentiation of P19 cells in the neuronal lineage was verified by induction of morphological changes consistent with neurons (dendritic processes) in a substantial fraction of the cell population, although a significant portion of cells still appeared to be non-neuronal under these conditions. All-trans RA (10 − 8 M; lane 4) strongly induced proteins recognized by the Pbx antisera (marked by arrows, U for upper bands and L for lower bands). RA 10 − 6 M, which produces a population of cells with a higher fraction of neuronal cells, created the same pattern of antisera-reactive Pbx proteins (data not shown).
The two sizes of Pbx bands induced by RA were hypothesized be long and short forms of Pbx proteins, the upper band containing Pbx1a, Pbx2, or Pbx3a, which vary by only 1.2 kDa, and the lower band containing Pbx1b or Pbx3b, which vary by 0.4 kDa.
Because exposure of P19 monolayers to RA produces a mixed cell population in which neurons are only one subgroup, P19 cells were subjected to a second differentiation process that specifically induces only neuronal differentiation (Rudnicki and McBurney, 1987) (Fig. 1B ) In this process, cells are aggregated on Petri dishes in the presence of 10 − 7 M RA for 3 days followed by plating on tissue culture dishes for 3-5 days, resulting in a nearly uniform neuron population. Nuclear extracts from these cells evidenced strong upregulation of the same profile of Pbx antigens as early as the aggregation stage (lane 2) and retained persistent upregulation out to 5 days post-adhesion (lanes 3 and 4). This result reiterated that upregulation of one or more Pbx proteins accompanies neuronal differentiation of P19 cells. Since Pbx protein upregulation was nearly equivalent in the cells treated as aggregates and monolayers, we subsequently conducted all treatments of cells as monolayers. RA-induced upregulation of Pbx proteins in nuclear extracts could result from an increase in their steady-state cellular abundance or alternatively from a shift in their partitioning from a compartment not isolated during preparation of nuclear extracts (e.g. the cytoplasm) to a compartment bound to DNA in conjunction with other transcription factors, such as the Hox proteins. To address this issue, total cellular lysates were examined for Pbx proteins before and after treatment with RA (Fig. 1C) . Pbx proteins were upregulated in whole cell extracts (lanes 3 and 4) to the same degree as they were upregulated in nuclear extracts (lanes 1 and 2), eliminating the possibility that Pbx upregulation was the result of a nuclear translocation process.
NT2D1 embryonal carcinoma cells and LA-N-5 and PC12 neuroblastoma cells were also tested for Pbx induction in response to RA (Fig. 1D ). NT2D1 are human EC cells similar to P19 cells in that they exhibit a RA-induced cascade of Hox gene expression (Simeone et al., 1991) . While NT2D1 cells exhibited a clear but low induction of Pbx proteins (data not shown), a basal level of Pbx proteins migrating in the position of the lower band was evident in LA-N-5 (lanes 3 and 4) and PC12 (lanes 5 and 6) cells and this level was not enhanced more than two-fold by RA. These observations suggest that both LA-N-5 and PC12 cells are differentiated beyond the point of Pbx upregulation.
Stimulation of the RAR receptor upregulates Pbx proteins more than 100-fold
The kinetics of Pbx protein upregulation by RA were determined over a 1, 3, 5, and 7 day time course (Fig.  2A) . Induction was tested with both all-trans and 9-cis RA. 9-cis RA upregulated Pbx proteins as early as 1 day (lane 7) and all-trans RA as early as day 3 (lane 3). Both immunoreactive Pbx bands comigrated perfectly with in vitro transcribed and translated Pbx1a and Pbx1b (lane 5, arrows). Induction at 1 day with persistent accumulation over a period of 7 days is a pattern of RA regulation that roughly parallels the induction of many Hox genes by RA. To quantitate the level of Pbx induction, serial dilutions of nuclear extracts were evaluated by anti-Pbx Western blotting (Fig. 2B) . Even a 50-fold dilution of the nuclear extract from 7 day RA-treated cells (lane 6), which contained only 200 ng of total protein, still contained a strong band that was at least five-fold more intense than that in the control nuclear extracts (lane 7), demonstrating that the induction of Pbx is greater than 250-fold. The slower migrating Pbx band, however, was reduced to background levels after an approximately five-fold dilution, suggesting that its upregulation is much less pronounced. Because both isomers of RA upregulated Pbx proteins, a RAR-specific ligand (TTNPB) and an RXR-specific ligand (LGD1069; Boehm et al., 1994) were used to discriminate whether upregulation of Pbx was dependent on RXR homodimers or RAR-RXR heterodimers (Fig. 2C) . Pbx proteins were upregulated by the RAR-specific ligand (lane 3) but not by the RXR-specific ligand (lane 2), even after exposure for 7 days.
Pbx1b, Pbx2, and Pbx3b are induced differentially by RA
While Pbx proteins induced by RA comigrated with Pbx1a and Pbx1b, the fact that Pbx2 and Pbx3 are very similar in mass to Pbx1 mandated that we use specific antisera against Pbx1, Pbx2 and Pbx3 to determine which Pbx proteins were actually induced during a 7 day time course of exposure to RA (Fig. 3A) . These antisera bind unique Nterminal Pbx sequences encoded specifically by each PBX gene and do not cross-react with other Pbx species. Both Pbx1b and Pbx3b were undetectable in unstimulated cells, remained virtually undetectable or very low at day 3, and then became strongly induced by day 7 (lanes 1 and 9 vs. 3 and 11). Pbx2 exhibited a low, barely-detectable basal level and was upregulated steadily by RA, maximally at day 7 (lanes 6-8). Therefore, Pbx 2 likely represents the lower polypeptide of the upper doublet band recognized by the crossreactive antisera, and Pbx1a likely represents the upper polypeptide of this same doublet. These results suggest Pbx proteins are differentially induced by RA both temporally and in terms of absolute abundance. To determine whether 9-cis RA produces the same pattern of induction of Pbx1 that is observed with all-trans RA, Western blots were conducted with Pbx1-specific antisera including samples treated with 9-cis RA for 3 and 7 days ( Fig. 3B ; lanes 4 and 5). The same pattern of Pbx1 induction was observed for 9-cis RA treatment as was observed for alltrans RA (lanes 1 and 2). This blot also more clearly illustrates that the induced Pbx1b band is distinct from a background band that migrates slightly higher, and it demonstrates that control cells have no detectable Pbx1b (lane 3).
Pbx induction is only partially due to an increase in mRNA levels
Northern blots were performed on poly A + RNA from treated and untreated P19 cells to determine whether induction of Pbx proteins occurred at the level of transcription. Human cDNA probes containing the homeobox were used for blots detecting pbx2 and pbx3 mRNA, and a human cDNA probe containing sequences 3′ of the homeobox were used for detecting pbx1 transcripts (Fig. 4A) . Surprisingly, after 7 days of exposure to all-trans RA, levels of pbx1 and pbx2 transcripts were induced less than two-fold and levels of pbx3 remained unchanged (total mRNA levels normalized to GADPH). For both pbx1 and pbx3, results with the 3′ and homeobox probes, respectively, were confirmed with non-overlapping cDNA probes: a homeobox human cDNA probe for pbx1, and a human cDNA probe 3′ to the homeobox for pbx3. Further, a third non-overlapping 5′ probe verified results from the homeobox and 3′ pbx1 probes (data not shown). The sequence of each human pbx1 cDNA probe was highly homologous to that of the mouse, exhibiting identities of 95%, 97%, and 98%, respectively, for the 5′, homeobox, and 3′ probes. When compared with equivalent sequences in human pbx2 and pbx3, these pbx1 cDNA probes were significantly less homologous, exhibiting identities of 78%, 65%, and 58% with pbx2 and 76%, 65%, and 73% with pbx3, respectively. The fact that the mouse and human pbx1 transcripts exhibit greater than 95% sequence identity while human pbx1 exhibit 78% or less sequence identity to pbx2 or pbx3 transcripts strongly suggests that each human probe recognizes only its conjugate mouse transcript and does not cross-hybridize with other pbx or pbx-related mRNAs. These findings suggest that post-transcriptional mechanisms, such as enhanced protein stability or translational efficiency, account for the majority of Pbx protein upregulation coincident with neuronal differentiation. Fig. 3 . Pbx1b, Pbx2, and Pbx3b are upregulated differentially by RA. (A) Western blot analysis using antibodies specific for Pbx1 (lanes 1-5), Pbx2 (lanes 6-8), and Pbx3 (lanes 9-11). Assays were conducted on control cell NE (lanes 1, 6, and 9), NE from cells treated with all-trans RA for 3 days (lanes 2, 7, and 10) and NE from cells treated with all-trans RA for 7 days (lanes 3, 8, and 11). (B) Western blot analysis using an N-terminal-specific Pbx 1 antibody on control P19 NE (lane 3), NE from cells treated with all-trans RA and 9-cis RA, respectively, for 3 days (lanes 1 and 4) or 7 days (lanes 2 and 5).
Upregulation of Pbx proteins correlates with increased abundance and a shift in the mobility of Pbx-containing complexes on elements known to bind Pbx proteins
EMSA was used to determine whether RA-induced increases in Pbx proteins as detected by Western blotting correlated with either the abundance or mobility of Pbxcontaining DNA complexes. Two probes known to bind Pbx heterodimers (PRS-TTGATTGATAG; Somatostatin-TTGATTGATTT; Knoepfler and Kamps, 1997) were used (Fig. 5) . NE from cells treated 1 day with RA contained a several-fold elevation in the abundance of a Pbx-containing complexes that bound each probe (lanes 3 and 9). After 7 days of RA treatment, a new faster-migrating complex was observed (lanes 5 and 11) that was completely absent from control P19 cell NE (lanes 1 and 7) , and accompanied the strong upregulation of Pbx1b. Western blots probed with Pbx-specific antisera (Fig. 3) indicate that Pbx2 is likely contained in the complexes from uninduced cells because only Pbx2 is immunologically detectable and only the Pbx2-specific antisera supershifted a portion of this complex from uninduced P19 cell NE (data not shown).
Discussion
The importance of Exd/Pbx in normal development is supported by four lines of evidence. First, knocking out or overexpressing the D. melanogaster homologue of Pbx, Extradenticle, interferes with proper fly embryonic development (Gonzalez-Crespo and Morata, 1995; Rauskolb et al., 1995) . Second, the E2a-Pbx1 oncoprotein is expressed in pre-B ALLs that are blocked in their B lineage differentiation (Kamps and Baltimore, 1993) and E2a-Pbx1 can block differentiation of myeloid progenitors . Third, HoxB1 expression, which is localized to rhombomere 4 of the developing mouse brain, may require an autoregulatory loop dependent upon the presence of Pbx proteins for proper expression (Pöpperl et al., 1995) . Like Pbx, HoxB1 is expressed early in RA-treated P19 cells, and is expressed early in the developing embryo, consistent with a functional interaction between HoxB1 and Pbx proteins. Fourth, the location of pbx1 transcripts in rat embryos indicates that expression of the PBX1 gene is nearly ubiquitous, highest in the central nervous system, and is observed in the earliest embryos tested (14 days; Roberts et al., 1995) .
In this study we demonstrate that Pbx proteins are upregulated by RA during neuronal differentiation of P19 embryonal carcinoma cells coincident with induction of HOX genes. The parallel induction of Pbx and Hox proteins, which also heterodimerize on DNA motifs, suggests that Fig. 4 . Pbx induction is only partially due to an increase in mRNA levels. Northern blot using 10 mg poly A + RNA from P19 cells. mRNA from untreated (lanes 1, 3, and 5) and 5 days RA-treated (lanes 2, 4, and 6) cells was hybridized with probes specific for Pbx1 (lanes 1 and 2), Pbx2 (lanes 3 and 4) and Pbx3 (lanes 5 and 6). Total RNA levels were used to quantitate changes in relative Pbx RNA levels by using a probe for GADPH transcript. Two other non-overlapping pbx1 probes, as well as a second nonoverlapping pbx3 probe, yielded the same patterns of mRNA transcripts. 2, 7, 8 ), cells treated with RA for 1 day (lanes 3, 4, 9, 10) and cells treated with RA for 7 days (lanes 5, 6, 11, 12) using probes containing sequences of two Pbx dimerization motifs: TTGATTGATAG (lanes 1-6), TTGATTGATTT (lanes 7-12). Pbx antisera was included for supershifting complexes (lanes 2, 4, 6, 8, 10, 12). neuronal differentiation is likely co-regulated by both Pbx and Hox proteins and provides additional support to the hypothesis that Pbx proteins are fundamentally important regulators of differentiation. Our findings also suggest that caution must be taken in interpreting in situ hybridization studies of the distribution and abundance of pbx mRNA because the levels of Pbx proteins may vary dramatically among cells that express nearly equal levels of transcript.
Our conclusion that regulation of Pbx protein abundance occurs predominantly at a post-transcriptional level is based on the fact that the abundance of Pbx1b increases 250-fold or more in cells that upregulate the pbx1 mRNA two-fold. A precedent exists for regulation of protein abundance during differentiation by a mechanism of translational efficiency. Studies of several transcripts, including those encoded by sperm and oocyte genes, erythroid lipoxygenase, and PDGF2, have shown that translational efficiency increases during differentiation (Bernstein et al., 1995) . In the PDGF2 transcript, a GC-rich sequence in the 5′ untranslated region represses translation in early but not in late megakaryocyte differentiation (Bernstein et al., 1995; Horvath et al., 1995) . A similar mechanism could occur with pbx transcripts during neuronal differentiation of P19 cells; however, strongly enhanced stability of Pbx proteins could also account for this effect. Importantly, the fact that the degree of upregulation of Pbx proteins in whole cell lysates paralleled that found in nuclear extracts indicates that the observed increase in Pbx proteins in nuclear extracts does not result from nuclear import of a preexisting cytosolic population of Pbx proteins. Drosophila Exd is localized in the cytosol and translocates to the nucleus during development (Mann and Abu-Shaar, 1996) . While this same property has not been reported for Pbx proteins in vertebrate cells, the post-transcriptional upregulation of Pbx proteins in P19 cells illustrates yet another method by which nuclear Pbx content is regulated at a non-transcriptional level.
Pbx proteins were upregulated strongly by an RAR-specific ligand but not an RXR-specific ligand, suggesting that the RAR is required for Pbx upregulation. The fact that alltrans RA strongly upregulated Pbx proteins at 10 − 8 M, a concentration at which isomerization to 9-cis is functionally insignificant, reiterated the essential role of the RAR, because all-trans RA binds RARs but not RXRs. Together, these findings suggest a model in which upregulation of Pbx proteins is initiated by transcription of a gene(s) regulated by an RAR:RXR heterodimer. Interestingly, induction of Hox genes by RA in P19 cells is also RAR-dependent (Zwartkruis et al., 1993) . The regulation of Pbx protein abundance by both transcriptional and post-transcriptional mechanisms suggests a complex mechanism for controlling the level of Pbx proteins during development. In the model proposed herein, coproduction of both Pbx and Hox proteins results from activation of regulated events at the transcriptional and post-transcriptional levels in response to an extracellular stimulus. While this stimulus is RA in the P19 cell model, other stimuli may be operative during embryonic development. The observation that Pbx1b and Pbx3b are specifically produced accompanying RA-induced differentiation, while Pbx1a and Pbx3a appear in very low abundance or not at all, suggests that differential splicing in pbx transcripts may be important for their tissue-specific functions. In t(1;19)-containing pre-B cell ALL, the predominant splicing pattern yields E2a-Pbx1a, and functional differences in the transforming potency of E2a-Pbx1a and E2a-Pbx1b suggest biochemical differences attributable to the unique 'a' or 'b' type Pbx1 C-termini (Kamps et al., 1991) .
The distinctive patterns of RA-induced upregulation of both Hox and Pbx proteins coincident with RA-induced neuronal differentiation suggests that Pbx-binding motifs will be occupied by different Pbx-containing heterodimers at different stages of differentiation. We have hypothesized the existence of at least three distinct classes of elements that bind Pbx proteins (Fig. 6 ). The first (type I, e.g. TGAT-T/G-GAC) does not bind Pbx-Hox heterodimers nor does it mediate transcriptional activation by E2a-Pbx1 plus Class I Hox proteins, but rather binds a complex containing a Pbx protein plus a widely expressed factor we designate NFPP that behaves biochemically distinct from Class I Hox proteins (Knoepfler and Kamps, 1997) but may be a homeodomain protein such as Hox11, which prefers to bind TAAC and TAAG DNA motifs (Dear et al., 1993; Tang and Breitman, 1995) . The second type of site (type II, e.g. TGAT-T/ G-GAT) binds both Pbx-NFPP and Pbx-Hox heterodimers, and the third binds Pbx-Hox but not Pbx-NFPP heterodimers (type II, e.g. TGATTTAT or TGATTAAT). In unstimulated P19 cells, the predominant complex in EMSAs is comprised of Pbx-NFPP, binding both type I and II sites but not type III sites (Knoepfler and Kamps, 1997) . Strong upregulation of both Pbx and Hox proteins by RA could shift occupancy of type II sites from Pbx-NFPP to Pbx-Hox heterodimers, as well as cause binding of Pbx-Hox complexes to type III sites. The fact that Pbx2 exhibited a basal abundance while Pbx1 and Pbx3 were upregulated from undetectable levels is important because it suggests that Pbx2-containing complexes can impact gene transcription prior to those containing Pbx1 or Pbx3. If differential accumulation of Pbx proteins also occurs during development in vivo, it would add yet an additional level of complexity to models of axial patterning dictated by temporal and tissue-specific expression of subsets of Class I Hox and Pbx genes.
Similar forms of competition among multiple families of heterodimerizing transcription factors are illustrated by helix-loop-helix proteins that heterodimerize with E2a or with Max. In the case of E2a, different heterodimers target transcriptional activation to different promoter motifs, while in the case of Max, different heterodimers form either transcriptional activators or transcriptional repressors (Murre et al., 1989; Hurlin et al., 1994) . In the case of Pbx proteins, the functions of Pbx-NFPP and Pbx-Hox heterodimers are not yet clear; however, it is very clear that they target different DNA motifs. A more complete understanding of the func-tions of Pbx proteins in neurogenesis and in gene regulation in conjunction with Hox proteins awaits identification of neuronal-specific Pbx target genes, a functional dissection of the elements bound by Pbx, and the cloning of NFPP and other specific heterodimer partners.
Experimental procedures
Electrophoretic mobility shift assays (EMSA)
Double-stranded oligonucleotides were labeled with [ 32 P]ATP to the same specific activities by phosphorylation of a common reverse oligonucleotide that was annealed to the 3′ portion of oligonucleotides containing different DNAbinding motifs, and then filled in using dNTPs and Klenow polymerase. Bound and free probe was separated by electrophoresis in 6% acrylamide gels formed in 0.5 × TBE (27 mM Tris; 27 mM boric acid; 0.6 mM EDTA) and run in the same buffer. For EMSA, 20 000 cpm of probe was incubated with nuclear extract in the presence of 1 mg of poly (dI:dC) in a buffer containing 10 mM Tris (pH 7.5), 1 mM EDTA, 1 mM DTT, 0.1% NP-40, and 5% glycerol for 30 min at room temperature. EMSA gels were dried and visualized by autoradiography.
Nuclear extraction
Cells were washed with cold PBS and resuspended in 5 × cell volumes of buffer A, swollen 10 min., and dounced 20 × with the A pestle. Nuclei were collected by centrifugation, washed in buffer A (10 mM HEPES pH 7.9, 1.5 mM MgCl 2 , 10 mM KCl, 0.5 mM DTT, 1.0 mM PMSF, and 0.1% aprotinin) and extracted with 3 nuclear volumes of buffer C (20 mM HEPES pH 7.9, 25% glycerol, 0.42 M NaCl, 1.5 mM MgCl 2 , 0.2 mM EDTA, 0.5 mM DTT, 1.0 mM PMSF, and 0.1% aprotinin) for 1 h. Following centrifugation, the supernatant was dialyzed against 100 vols. of buffer D (20 mM HEPES pH 7.9, 20% glycerol, 0.1 M KCl, 0.2 mM EDTA, 0.5 mM DTT, 1.0 mM PMSF, and 0.1% aprotinin) overnight at 4°C, respun, and the supernatant stored at −80°C. One mg of nuclear extract was used for EMSA.
Northern blot analysis
Total RNA was prepared from cultured cells as described. (Chomczynski and Sacchi, 1987) and poly A + RNA was prepared from total RNA using the kit from Clonetech. Poly A + RNA (20 mg/lane) was denatured in formaldehyde and electrophoresed on a 1% agarose gel containing 2.2 M formaldehyde and 1 mg/ml of ethidium bromide. RNA was transferred to a nylon membrane (Magna graf, MSI) and immobilized by baking at 80°C and by UV cross-linking. Prehybridization and hybridization were carried out at 42°C overnight in a solution containing 50% formamide, 1% SDS, 5 × SSPE, 5 × Denhart's and 100 mg/ml salmon sperm DNA. Autoradiography was performed at −70°C using Fuji film and a single intensifying screen. mRNA signals in autoradiograms were quantitated using a phosphoimager. The Pbx1 probes consisted of a human cDNA NcoI-EcoRI fragment encompassing the 3′ end beginning past the homeobox to the end of the coding sequence; a second probe, a PvuII fragment, was used containing the homeobox of the human Pbx1 cDNA, and a third probe, a XbaI-PvuII fragment completely 5′ to the homeobox was used; all probes yielded the same results. The Pbx2 probe consisted of a human Pbx2 homeobox fragment. A Pbx3 probe consisted of an Ssp1 fragment (757-1583) of Pbx3 cDNA. This was used in the blot in Fig. 4 and the result reconfirmed with a second Northern analysis using a human Pbx3 homeobox probe.
Western blot analysis
Western blots were conducted on 10 mg of NE from each cell type. Each volume of NE was mixed with an equal volume of 2 × SDS buffer containing bromophenol blue and boiled 5 min before electrophoresis in 10% polyacrylamide gels. Gels were blotted onto PVDF using CAPS buffer, blocked with 1% BSA, and probed with 1:1000 dilution of Pbx antisera. Pbx1, Pbx2, and Pbx3 specific antisera were purchased from Santa Cruz Biotechnologies. Membranes were then incubated with goat anti-rabbit-HRP conjugates and developed for 15 min to 4 h depending on band intensity.
Tissue culture, cell treatments, and DNA clones
Cells were treated with the following concentrations of each agent except where differences are noted in figures or text: 9-cis and all-trans RA (10 − 8 M); dexamethasone, estrogen, T3, TTNPB and LGD1069 (Ligand Pharmaceuticals; 10 − 7 M); and DMSO (1%). Except where noted, each agent was present during the entire treatment period. cDNA probes were used for detection of pbx1, pbx2, and pbx3, and were derived from original E2a-Pbx1 clones (Kamps et al., 1990) , as well as other identified in this laboratory (unpublished).
